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ABSTRACT 
Emory Wills: Hydrogen Production by His Mutants of Artificial Hydrogenase 
 
(Under the direction of Dr. Saumen Chakraborty) 
 
 
 Nickel enzymes are relatively new to be studied, but they have been found to be 
useful in creating artificial hydrogenases. Nickel alone can be harmful, but when 
combined with proteins to create an enzyme, the hope is that through catalysts, hydrogen 
can be produced for viable energy. The proteins used in the experiments had respective 
mutations at points 113 and 26. The cysteine at both of these points was replaced by a 
histidine to hopefully enhance metal binding. To create artificial hydrogenases and 
produce energy, the proteins were induced by various metals including nickel, copper, 
and cobalt. After experimentation and analysis by UV spectroscopy, nickel was found to 
successfully stay bound to both C113H and C26H, and the proteins contained significant 
increases at the peaks of 280 nm which shows a higher concentration of protein.   C26H 
and C113H when bound to copper and cobalt also showed increased peaks at 280 nm, 
increasing the protein concentrations drastically. Due to these increases, it is inherent that 
some catalytic activity occurred, but it is unsure whether these metals continued to stay 
bound due to a lack of UV-Vis peaks around 450 nm after spectroscopy analysis. Overall, 
experimental studies show success in creating viable energy when subjecting the nickel 
metalloenzymes to  metal induction and photocatalysis.  
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Chapter 1: Introduction 
 
1.1  Hydrogenases  
Hydrogenases are metalloenzymes that catalyze a very simple molecular reaction.  As 
shown below, it represents the forward and reverse reactions between a molecular 
hydrogen and its respective protons and electrons. 
 𝐻" ⇌ 	  𝐻% +	  𝐻' 	  ⇌ 	  2𝐻% + 2𝑒' 
Equation 1: basic hydrogenase reaction 
 
 The heterolytic splitting of the hydrogen molecules takes place in environments 
that increase the molecule’s acidity, and often involves metal centers. In addition, the 
process can be sped up if a base is nearby or introduced into the environment. 1 Under 
these circumstances, the 𝐻% ion will bind to the base while the 𝐻' ion will bind to the 
metal center. 2 In turn, to regenerate the dihydrogen, coupling reactions are used. 
Hydrogenases can be present in all three domains of life: Bacteria, Archaea, and Eukarya. 
1 When not used for reduction and oxidation purposes in the cells, H2 is often classified 
as inert. 2 
 The location of hydrogenases is usually in the periplasm or cytoplasm. However, 
they can either be found in a soluble form or in the membrane-bound form. In eukaryotic 
cells specifically, they are often found in specialized compartments within the cells. 1 
Hydrogenases have many functions, but the primary ones include using the energy from 
the oxidation of hydrogen to fuel organisms and to maintain the redox potential in the 
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cell. They balance the potential by either producing molecular hydrogen to take away 
reducing equivalents or by breaking up molecular hydrogen to produce electrons. 1  
 When the original crystallographic structure of a hydrogenase was first published 
a little over 20 years ago, there was very little information on how the structure related to 
the function. Now, there are many different crystallographic structures for hydrogenases 
due to advancements in spectroscopic methods and electrochemical techniques. 1 Many 
questions were still left unanswered such as information on their unusual active sites and 
many different intermediate states. Research has grown exponentially in recent years on 
the specifics of hydrogenases due to the increased interest in use of hydrogenases as clean 
energy carriers, fuel, and agents for large chemical reactions essentially creating a 
hydrogen economy. 1 Advancements in technology on natural hydrogenases have led to 
the development of artificial analogs of hydrogenases which will hopefully be used in the 
future as mentioned above.  
 
1.2 [NiFe] hydrogenases  
 Specific focus will be put on [NiFe] Hydrogenases. These hydrogenases, shown 
in figure 1 below, can be sub-classified into four different groups, including membrane-
bound H2 uptake hydrogenases, uptake and sensory hydrogenases, reducing 
hydrogenases, and energy-converting hydrogenases. 1 Figure 2 below illustrates the setup 
of a membrane bound hydrogenase and its activities. Characteristically, [NiFe] 
hydrogenases have iron atoms that are ligated by different small organic ligands 
including CO and CN-. These ligands began being detected by a type of spectroscopy 
known as FTIR. 1 The enzymes have bimetallic centers that are sulfur bridged, and they 
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usually contain an open coordination side on one of the metals. 1 Most of these 
hydrogenases are sulfate-reducing and can be found many places in nature in anaerobic 
conditions. However, purification of these hydrogenases can be done either aerobically or 
anaerobically. Aerobic purification does run the risk of having degradation or oxidative 
damage to the enzymes. The reason for the tolerability to O2 in these enzymes is due to a 
very unique FeS cluster contained in them. 1 
 
 
 
(a)   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (b)	  
Figure	  1:	  1	  (a)	  represents	  the	  entire	  structure	  of	  a	  [NiFe]	  hydrogenase.	  1	  (b)	  
specifically	  highlights	  the	  active	  site	  of	  the	  hydrogenase.	  The	  arrow	  points	  to	  the	  
coordination	  site	  where	  the	  metal	  binds.	  1	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Figure	  2:	  A	  membrane	  bound	  hydrogenase,	  one	  of	  the	  four	  sub-­‐classified	  groups	  
is	  shown	  here.	  In	  the	  process,	  electrons	  are	  being	  transferred	  through	  HoxG,	  
HoxK,	  and	  HoxZ	  which	  are	  respectively	  the	  catalytic	  [NiFe]	  center,	  the	  3	  FeS	  
clusters,	  and	  the	  cytochrome	  b.	  The	  electrons	  are	  heading	  to	  the	  respiratory	  
chain	  where	  ATP	  will	  then	  be	  generated	  to	  create	  energy.	  1	  
 
 Typically, a [NiFe] hydrogenase is made up of two subunits, a large and a small 
where the active site and the FeS clusters are housed. Some hydrogenases contain 
additional specialized subunits, but the large and small subunits are standard. The FeS 
clusters are located in the small units, and there are typically three, referred to as 
proximal, medial, and distal clusters according to their location in regard to the active 
site. In figure 1(a) above, the large and small subunits, 3 FeS clusters, and the active site 
center are labeled for clarity. The large subunit is composed of two metal centers: a 
catalytic center and a metal located at the C-terminus. 1 The active site of [NiFe] 
hydrogenases is very similar in all types except for [NiFeSe] hydrogenases. The active 
site of the [NiFeSe] hydrogenase is shown below in figure 3. The main difference in the 
active site of [NiFeSe] is the replacement of one cysteine by a seleno-cysteine. Four 
conserved cysteine residues allow sulfur to be bound with the Ni. Two of the sulfurs form 
bridges with the Fe ion while the other cysteine residues are terminally bound to nickel. 1 
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The cyanides, shown by FTIR spectroscopy, are strong σ-donor ligands which allows 
them to create hydrogen bonds with the amino acids surrounded by the active site. 
However, the CO ligands do not bond well with hydrogen if at all. 1 In addition to these 
two ligands, a third ligand is formed in coordination between the Ni and Fe, and its 
identity is dependent on the enzyme’s redox state. 1 Due to the ability and precision with 
which the [NiFe] hydrogenase enzyme has been crystallized and its active site, [NiFe] 
hydrogenases are very popular to work with to create analog hydrogenases. 2 However, 
the hydrogen oxidation by Ni-Fe has yet to be achieved, but can be expected to be studied 
once unsaturated models become developed that have the correct oxidation states. 2  
 
 
 
Figure 3: Active site of an [NiFeSe] hydrogenase containing 4 cysteine residues which 
allow for the S-Ni bond to occur. 7 
 
 
 The two most oxidized states in [NiFe] hydrogenases are referred to as Ni-A and 
Ni-B. Ni-B reaches activation quickly while Ni-A takes about an hour to be activated. 1 
From crystallography, it has been determined that a third ligand is between the two metal 
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ions in the active site in both of these oxidation states. However, the nature of this ligand 
is still being researched. 1 When an electron is reduced in the Ni-B state, it goes into the 
Ni-SIr state. In said state, the ligand will remain intact in the active site and block reaction 
to carbon monoxide. Another reduction, however, changes the state to Ni-SIa which can 
be inhibited by carbon monoxide. In this state, the ligand is absent. 1 If one more 
reduction occurs, the enzyme is converted to the Ni-C state. This state also contains an 
empty ligand position between the two metal ions. Although it is difficult to observe this 
using x-ray crystallography, it has been determined that a hydride is still bridging the Ni 
and Fe but with a shorter distance. 1 The most reduced state, Ni-R contains a protonated 
sulfur of a terminal cysteine residue that has been observed. The C-terminus of the large 
subunit is typically broken at the histidine residue which allows a metal to bind. This 
binding is what forms the large subunit that is fully mature. From X-ray crystallography, 
it has been determined that Mg2+ can bind to the C-terminal histidine as well as three 
water molecules. However, in specific [NiFeSe] hydrogenases, Fe or Ca is bound instead 
of the Mg ion. 1 
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Chapter 2: Protein Purification  
 
2.1 Introduction to redesigned proteins  
 The redesigned proteins used were derived from the nickel-binding protein 
(NBP). Nickel-binding proteins have four different classes, one of which being enzymes 
that use the properties of nickel to catalyze different biological and environmental 
reactions. 6,8 For the purpose of these experiments, NBP’s will be used to function as 
those enzymes. In order to experiment with increased affinity for metal binding and other 
catalytic activities, the cysteine residues at points 26 and 113, respectively, were replaced 
by histidine. Cysteine is readily oxidized in natural environments which causes many 
disulfide bonds to form. 3 In the initial NBP design, four cysteine groups would bond, but 
after these modification, the active site constitutes of three cysteines and one histidine 
residue.  
 
 
2.2 Transformation Protocol  
 Before beginning any experiments or procedures with the hydrogenases, a protocol 
was used for protein induction and purification. To begin the transformation process, I was 
given plasmids containing the genes of the redesigned proteins to transform.  
 To prepare for transformation, the BL-21 competent cells were taken out from 
storage at -80 ˚C and thawed on ice for about ten minutes. Next, the plasmid as diluted into 
40 µL of distilled water, and 1 µL of the solution was pipetted into a 10 mL-culture tube. 
50 µL of the thawed competent cells was also added to the culture tube. Incubation on ice 
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was for about 30 minutes. Following incubation, the cells were heat shocked at 42 ˚C for 
45 minutes. They were then returned to the ice for ten more minutes. A volume of 1 mL of 
LB media was added to the culture tube. The protocol to make 1 L of LB media included 
10 g of Tryptone, 10 g of NaCl, 5 g of yeast extract, and 1 L of deionized water. The 
mixture was autoclaved on the liquid cycle for 20 minutes. Incubation began on a shaker 
for one hour at 37 ˚C. This process allowed the cells to grow and multiply. In the following 
step, 50 µL of the cells were plated onto the LB-Agar plate containing 50 mg/mL of 
kanamycin. The recipe to make a 200 mL LB-Agar plate contained 2 g NaCl, 2 g of 
Tryptone, 1 g of yeast extract, and 3 g of Agar. The plate was placed in the incubator 
overnight at 37 ˚C. The following morning, the colonies were observed for growth on the 
plate and kept for storage at 4 ˚ C. Figure 4 below shows a C26H colony plated and observed 
the next morning. 
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Figure 4: C26H bacterial colony 
 
 
2.3 Protein Induction  
The above colonies were used to set up the primary culture as well as to help further 
induction in the following protocol. A 10 mL culture tube was needed to mix 10 mL of the 
LB media and 10 µL of the 50 mg/mL kanamycin. One colony was selected from the Agar 
plate and inoculated into the 10 mL LB media. This culture was then grown overnight at 
180 rpm and 37 ˚C. The next morning, the secondary culture was set in a 1 L LB media 
with an addition of 1 mL of Kanamycin. Next, the secondary culture was inoculated with 
10 mL of the primary culture. Growth was measured of the culture for the next 3-4 hours 
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until the OD600 reading came between 0.4 and 0.6. After the above growth was met, the 
cells were used to make a glycerol stock. 5 mL of the un-induced cells were set aside in a 
10 mL culture tube to keep as a control for future reference. The culture, with a volume of 
1 L, was then induced with 1 mL 1M IPTG to a final concentration of 1Mm. The protocol 
to make 1M IPTG contains 2.38 g IPTG dissolved into 10 mL of deionized water. This 
mixture was filtered with a 0.22 µM filter and stored at -20 ˚C. The culture was then set to 
grow at 30 ˚C for 4 to 6 hours. Figure 5 below shows a C113H growing on the MaxQ 
incubator after being induced. Finally, the induced cells were harvested by centrifugation 
at 4 ˚C, 5K for 10 minutes and then stored at -20 ˚C. 
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Figure 5: Growth of C113H after induction 
  
 
 
2.4 Protein Purification  
The buffer for the following protocol for protein purification is dependent on the 
type of redesigned protein to be used. As stated earlier, my experiments involve C26H and 
C113H redesigned proteins. The sonication buffer for the 1 L culture had a volume of 50 
mL. The main component of the buffer is 50 mL of 20 mM Tris at a pH of 8.5. 0.5 mg of 
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DNAse (10 µg/mL) is also added. In the next step in the purification, 0.175 mg of PMSF 
100 mM was dissolved into 1 mL of IPA. A volume of 500 µL of this solution was put into 
the sonification buffer. Additionally, 500 µL of premade EDTA (100 mM) was added to 
the buffer. Finally, 7.7 mg of DTT (1 mM) was added to the buffer. The frozen protein 
pellets, shown in figure 6 below, were suspended and shaken in the sonication buffer to 
thaw and prepare for sonication.  Both forms of the cells (induced and uninduced) were 
sonicated in a 3minute cycle. The pulse pattern is on for 10 seconds, off for 20 seconds, 
and then repetition of the cycle for the full 3 minutes. A setup of the sonication apparatus 
is highlighted in figure 7. In the next step, the sonicated cells were centrifuged at 14 K and 
4 ˚C for 45 minutes in a SS-34 rotor.  
 
Figure 6: Frozen C113H pellets re-suspended in sonication buffer prior to sonication’ 
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Figure 7: C26H protein undergoing sonication 
 
The next step in the protocol was to perform a Strep-Trap. For the 1 L culture, I 
used a 5 mL column that was stored in the fridge in the laboratory at 4 ˚C. A flow rate of 
4 mL/min was used to perform the procedure. Additionally, a buffer W was created for use 
involving 100 mM Tris-HCl, 150 mM NaCl, and 1 mM EDTA at pH 8.0. It was extremely 
important to complete the entire Strep-Trap on ice. The columns were already in buffer W, 
so the protein was loaded to the column at the desired flow rate. The timer was set 
according to the volume of the supernatant and flow through was collected. In figure 8, the 
strep trap process is shown while the flow through is being collected. The column was 
again washed with buffer W for 5-6 minutes and flow through collected. Next, the protein 
was eluted with buffer W with 2.5 mM of des-thiobiotin for 7 minutes. The elution buffer 
was made by dissolving 2.5 mM des-thiobiotin. The column was washed with water for 5 
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minutes and then washed with 500 mM NaOH for 6 minutes. Immediately, the column was 
washed with water for approximately 5-6 minutes and the pH of the column is checked till 
it becomes neutral. One final time, the column was washed with buffer W for 5-7 minutes 
and stored at 4 ˚C.  
 
Figure 8: Setup of the Echono gradient pump machine and strep-trap column while flow 
through 1 is being collected. 
 
The purified protein was subjected to dialysis in a 50 mM Tris and 150 mM NaCl 
pH 7.8 chelexed buffer. Figure 9 below is an example of the eluted protein being clamped 
into a dialysis membrane to be placed in the buffer overnight.  The membrane with 6000-
8000 MCOW was used. After each use, the system was purged with water and 70% EtOH. 
The buffer contained 1 mM DTT for the first two exchanges and then was left overnight. 
The next morning the buffer was again changed, but no DTT was added to it. After 2-3 
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hours, the protein was filtered with 0.22  µm filter and the absorbance was checked at A280 
The single reference wavelength used was at 800 nm and the E value = 8480 (UNITS). The 
protein was then stored at -80 °C after dividing it into small eppendorf tubes and flash 
freezing in liquid Nitrogen. 
 
Figure 9: Eluted protein in dialysis membrane 
 
 
 After the protein purification protocol was completed, the protein was subjected to 
gel electrophoresis to ensure that the protein was pure. Resolving and stacking gels were 
made and loaded into the glass plates. The resolving gel recipe was 3.3 mL of 3M Tris-
HCl-SDS, 4 mL of   30% Bis-Acrylamide, 1 mL of dd water, 1.7 mL of Glycerol, 40 µL 
of APS (10%), and 8 µL of TEMED. The resolving gel was loaded first and topped with 
water until solidification occurred. The stacking gel recipe was 1.85 mL dd water, 400 µL 
of 30% Bis-Acrylamide, 750 µL of 3M Tris-HCl-SDS, 20 µL of APS, and 3 µL of 
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TEMED. After the resolving gel solidified, the water was removed and the stacking gel 
was loaded. A comb was placed on top to create loading wells for the sample. A volume 
of 4 µL of loading dye was placed in each of 5 different Eppendorf tubes. Next 20 µL of 
the pellet with SDS, the protein before purification, the protein after purification, flow 
through 1, and flow through 2 were added to the eppendorf tubes . The eppendorf tubes  
were vortexed and then heated at 90 °C for 10 minutes. After heating, electrophoresis 
machine was set up, and a high molecular ladder marker was added into the first well. Next, 
12 µL from each of the eppendorf tubes was loaded into separate wells. The power supply 
was turned to 120 V, and the gel ran for two hours or until the bromphenol blue dye reached 
the bottom. Next, the gel was taken out and placed in a staining solution for 2 hours. The 
gel was then placed in a de-stain solution overnight. To preserve the gel, it was placed in 
distilled water to examine when de-staining was complete. Figures 10 and 11 show the 
respective gels of C113H and C26H throughout the purification process. The small line in 
well 4 of both gels represent that the protein is still intact after purification. The absence of 
other lines in well 4 indicate that the proteins were not contaminated.  
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Figure 10: C113H gel, from left to right wells: high molecular weight ladder, 
pellet, before purification, after purification, flow through 1, flow through 2 
 
 
 
Figure 11: C26H gel, from left to right wells: high molecular weight ladder, 
pellet, before purification, after purification, flow through 1, flow through 2 
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Figure 12: Flow chart of all steps in protein transformation, induction and 
purification process.  
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Chapter 3: Analysis of Metal Binding  
 
3.1 Materials and Methods 
To prepare for each induction of metal, C113H and C26H were taken from a 
storage freezer at -80 C. Next, 10k MWCO filters were used to concentrate the protein 
down using a centrifuge. After centrifugation, a UV was taken to determine the new 
concentration. Once the concentration was determined, the buffer that the protein was 
stored in, usually in a 50 mM Tris and 150 mM NaCl pH 7.8 chelexed buffer was added 
in small increments to get to the desired concentration.  
The next step was to create the metal solutions to be induced into the proteins. 
The solutions were made up of NiSO4, CoCl2, and CuCl2. Each time, the molecular 
weight of the solid form was used to determine how much solid to mix with distilled 
water to create the liquid form. Usually, a 30 mM solution was made and then reduced to 
either 7.5 mM or 10 mM accordingly.  
 262.85	  𝑔	  𝑁𝑖𝑆𝑂3𝑚𝑜𝑙 ×1000	  𝑚𝑔1	  𝑔 × 1	  𝑚𝑜𝑙1000	  𝑚𝑚𝑜𝑙 ×30	  𝑚𝑚𝑜𝑙1	  𝐿 × 1	  𝐿1000	  𝑚𝐿×	  1	  𝑚𝐿= 7.89	  𝑔	  𝑁𝑖𝑆𝑂3 
Equation 2: Sample calculation to create liquid 𝑁𝑖𝑆𝑂3. 
 
 Before each induction, all samples were titrated with nitrogen gas. Each time, the 
protein was covered with parafilm to ensure no contamination would occur. In some 
experiments, DTT was added before the metal. If DTT was to be added, a calculation was 
performed to determine how many uL of 1mM DTT should be added to the protein. The 
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protein and DTT were set to stir for about 10 minutes before starting metal injection. 
After determining the concentration of the metal to be used, a calculation was performed 
to determine what volume of metal to inject the protein with. 2 equivalents of the metal 
were added for every experiment. The metals were added while the vials were stirring 
using a pipet to not break the surface. After adding the metal, the vial was taken upstairs 
to a reduced temperature for stirring overnight.  
 39	  𝑢𝑀	  𝐶26𝐻	  ×	  200	  𝑢𝐿	  ×	  2	  𝑒𝑞𝑢𝑖𝑙. 𝑁𝑖7.5	  𝑚𝑀	  𝑁𝑖𝑆𝑂3 = 2	  𝑢𝐿	  𝑁𝑖𝑆𝑂3 
Equation 3: Sample calculation to find uL of Ni to add for 2 equivalents 
 
 The next morning, a UV was always taken to determine the absorbance of the 
metal/protein combination. After collecting the UV, the file was converted to a CSV file 
to be plotted in Origin. Many different comparisons were plotted between the different 
metals, the proteins alone, and the buffers alone with metals.  
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3.2 Ni-C113H and Ni-C26H Spectroscopy Analysis.  
 
 
Protein Protein 
Conc.  
(µM) 
Volume 
(µL) 
DTT 
Conc.  
(mM) 
Equiv.  
of 
DTT  
DTT 
(µL) 
Ni 
Conc.  
(mM) 
Equiv. 
of Ni 
Ni  
(µL) 
C113H  
41 
 
500  
 
none 
 
none 
 
none 
 
7.5 
 
2 
 
5.6 
C113H  
39 
 
200 
 
1 
 
0.5 
 
3.9 
 
7.5 
 
2 
 
2 
C26H  
39 
 
200 
 
1 
 
0.5 
 
3.9 
 
7.5 
 
2 
 
2 
Table 1: Ni binding in 50mM Tris, 150mM NaCl buffer 
 
Table 1 above summarizes the processes of injecting C113H and C26H with 
nickel. To begin, C113H was concentrated to 41 µM and 500 µL was extracted into a 
vial. A 7.5 mM solution of NiSO4 was prepared, and the protein and nickel solution were 
both titrated with nitrogen gas. The induction of nickel was completed in three different 
segments. First, 2 µL were added, and the solution was stirred for five minutes. A volume 
of 2 µL was again added and stirred. In the final segment, 1.6 µL of NiSO4 was added, 
and the vial was taken upstairs to be stirred and stored at 4 ˚C overnight. The next 
morning, the UV was taken of the Ni-C113H mixture.  
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Figure 13: 41 µM C113H vs Ni-C113H in 50mM Tris, 150mM NaCl buffer 
 
 
 From the graph in figure 13 above, it can be inferred that catalytic activity 
increased with the addition of nickel to C113H. Absorbance can observed at the protein 
peak at 280 nm which increases from around 0.5 to slightly above 0.7. The rise in the 
peak shows that energy increased, most likely due to the nickel binding to C113H. 
Additionally, the visible UV-Vis peak at 450 nm shows that nickel is in fact bound to the 
protein. Cysteine has unique binding abilities that allow nickel to be bound. The thiol 
bonds in the cysteine are what allows the Ni2+ to bind to the atom. 5 Cysteine can often 
bind more than one metal at a time to form clusters, but for the purpose of this 
experiment only one metal was used at a time.  
In the second experiment, C113H and C26H were both concentrated down to 39 
µM. 200 µL of each protein was pipetted into the respective vials. In these experiments, 
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however, DTT was added to determine if the process of nickel binding would be affected. 
DTT, or dithiothreitol, has the molecular formula C4H10O2S2. The structure of the 
molecule is shown in figure 14 below. The molecule is often used to prevent the 
oxidation of thiol groups and to encourage the reduction of disulfides to thiols. 4 Both 
C113H and C26H contain many disulfide bonds that DTT has the potential to reduce. If 
bonds are reduced, there are more possible opportunities for Ni to bond in the proteins. 
To experiment with DTT, 0.5 equivalents were added to each mixture before the protein 
was induced with metal. The protein and DTT mixtures were stirred for 20 minutes 
before injecting the 2 equivalents of nickel. Because 2 equivalents were only 2 µL, the 
injection was done in one segment. Again, the vials were stored at 4˚C overnight and 
continuously stirred. The next morning, the UV was checked for both reactions to assess 
if the nickel bound ( shown in Figure 15).  
 
Figure 14: 2D structure of DTT 4 
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Figure 15: C113H vs Ni-C113H in 50mM Tris, 150mM NaCl buffer 
 w/ 0.5 equivalents DTT 
 
 
 In the figure 15 above, C113H at an initial concentration of 39 µM was compared 
to the same protein that was induced with 0.5 equivalents of  DTT and then 2 equivalents 
of nickel. The absorbance drastically increased from around 0.5 to 1.5. Without DTT, the 
absorbance only increased by 0.2. Therefore, it is inferred that DTT will contribute to the 
success of a protein-metal binding. Additionally, the drastic rise in absorbance at the 
protein peak of 280 nm indicates an increase in energy in Ni-C113H. The UV-Vis peak in 
the blue line at around 450 nm proves that nickel again bound to C113H.  
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Figure 16: C26H vs Ni-C26H in 50mM Tris, 150mM NaCl buffer  
w/ 0.5 equivalents DTT 
 
  In comparison to C113H, C26H also showed an increase in absorbance at 
the protein peak of 280 nm when induced with nickel which is shown in figure 16 above. 
The absorbance peak at 280 nm increased from around 0.45 to 1.3. C26H was never 
tested without the addition of DTT due to the positive results with both C113H and C26H 
with DTT. The inherent UV-Vis peak at 450 nm confirms the presence of nickel bindings 
in the protein. As with both experiments with C113H, the catalytic activity and energy 
both increased drastically in Ni-C26H. The increase further supports that the nickel is 
bound.  
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Figure 17: Comparison of C113H alone, C113H induced with nickel, 
 and 50mM TRIS, 150mM NaCl buffer (Dialysis buffer) induced with nickel 
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Figure 18: Comparison of C26H alone, C26H induced with nickel, 
 and 50mM TRIS, 150mM NaCl buffer (Dialysis buffer) induced with nickel 
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  A comparison plot, shown in figure 17 above, was constructed between 
C113H, Ni-C113H, and 50 mM TRIS, 150 mM NaCl buffer injected with 2 equivalents 
of nickel. The same plot was constructed, but with C26H instead of C113H. This plot was 
depicted above in figure 18. The purpose of the plots was to confirm that the peaks seen 
at 450 nm were due to the protein and not the buffer that the protein was in. Since there is 
no increase in absorbance or peak seen anywhere on the green plotted lines which 
represents the buffer injected with nickel, it can be concluded that the buffer does not 
cause binding. These results and analysis further confirmed the speculation that nickel 
was found to be binding to C113H and C26H.  
 
Figure 19: A comparison of Nickel binding in C113H and C26H proteins with 0.5 
equivalents of DTT added 
 
 The above graph in figure 19 depicts a comparison between Ni-C113H and Ni-
C26H. Due to the results, it is confirmed that both redesigned proteins have the affinity to 
bind to nickel, and that there is not one that was inherently more successful than the 
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other. Although C113H has a slightly higher absorbance and larger peak around 450 nm, 
both proteins successfully bound nickel.  
 
Protein Protein 
Conc.  
(µM) 
Volume 
(µL) 
DTT  
Conc. 
(mM) 
Equiv.  
of 
DTT  
DTT  
(µL) 
Ni 
Conc. 
(mM) 
Equiv. 
of Ni 
Ni  
(µL) 
 
C113H 
 
39 
 
200 
 
1 
 
0.5 
 
3.9 
 
10 
 
2 
 
1.5 
 
C26H 
 
39 
 
200 
 
1 
 
0.5 
 
3.9 
 
10 
 
2 
 
1.5 
Table 2: Ni binding in TRIS buffer 
 
 To determine if a different buffer would produce better results, C113H and C26H 
were concentrated down and induced with 20 mM TRIS buffer instead of 50 mM TRIS, 
150 mM NaCl buffer. TRIS is a buffer that is commonly used in biological experiments 
because it is known to keep pH values stabilized, and it works most effectively in the 
range of pH 7 to 9. 5 For these experiments, the buffer was adjusted to pH 8.5. The same 
experiments were run as above to inject C113H and C26H with nickel. Exact 
concentrations, volumes, and equivalents for the experiment are organized in table 2 
above. After plotting the results, it was inferred that nickel did not bind well with the 
proteins in TRIS buffer. Due to these results, experiments with TRIS buffer and other 
metals were not continued.  
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3.3 Ni-C113H Photocatalysis  
 
 To analyze hydrogen production due to photocatalysis, multiple catalysts 
including NiSO4, C113H, and Ni-C113H were subjected to a photocatalysis setup in the 
laboratory. Before beginning photocatalysis, a solution was prepared involving 1 mM 
Ru(bpy)32+ and 100 mM Ascorbic Acid. Each time, the calculated amounts of each 
compound were mixed into a 2 mL solution. Ru(bpy)32+ was used to act as the 
photosensitizer in the experiment.  8 Photosensitizers alone often have no effect, but when 
they are combined with light, a reaction often occurs. 7 Ascorbic acid (AA) was used in 
the solution as a sacrificial electron donor. AA was used in abundance at 100 mM to 
ensure that enough electrons would be donated to allow the catalyst to reach an excited 
state. 8 In this experiment, the reaction goal was to produce abundant hydrogen gas when 
nickel was bound to C113H. For each experiment, these compounds were mixed with 2 
mM NiSO4, C113H or Ni-C113H in a 2 mL solution in a Pyrex tube. After the solution 
was mixed, it was subjected to nitrogen gas titration to prevent oxygen contamination and 
limit disulfide bond formation.  
The next step was to set up the light source and all apparatus needed for 
photocatalysis. The light sourced used was an LED light with a UV setting. The light was 
set up to shine directly on the solution in the Pyrex tube. The distance between the light 
source and the solution was 17.8 cm. A stirrer was placed below the tube and a magnetic 
stir bar was placed inside the tube to facilitate stirring throughout the entire experiment. 
The setup is displayed below in figure 20. Before turning the light on, gas was extracted 
for the 0 hour reading. After turning the light source on and calibrating it to the correct 
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power, the solution was left in darkness to react. Every 30 minutes, gas was extracted 
from each solution and taken upstairs to be analyzed on the gas chromatograph (GC). A 
0.25 mL volume of gas was injected into the GC for each experiment. The readings were 
continued until the H2 production stabilized, usually around 3.5 to 4 hours. 
 
Experimental 
catalyst 
Ru(bpy)32+added 
(mg) 
AA added 
(mg) 
Initial Molarity of 
catalyst (µM) 
Amount of 
catalyst (µL) 
Ni-C113H  
no DTT 
1.5 mg 35.2 mg 41 µM 98 µL 
C113H 1.5 mg 35.2 mg 39 µM 103 µL 
Ni-C113H 1.5 mg 35.2 mg 39 µM 103 µL 
NiSO4 1.5 mg 35.2 mg 3 mM 1.3 µL 
Table 3: Experimental amounts for all Photocatalysis Experiments 
 
    
Figure 20: Photocatalysis setup of the light source projecting upon the test tube and a 
zoomed in photo of the light hitting the solution. The solution is over a stirring plate to 
keep the solution stirring throughout the entire experiment. 
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Figure 21: Plot of TON in photocatalysis experiments for various catalysts 
 
 Turnover number, which is abbreviated TON, is the number of moles of a 
substrate that a mole of a catalyst can convert before it becomes inactive. As indicated in 
figure 21 above, the catalysts start to decrease in TON at around 3.5 to 4 hours. When 
NiSO4 was the catalyst, the TON was zero a majority of the time and a negligible amount 
around 3 hours. These results are what one should expect, as NiSO4 alone should not 
cause any catalytic activity to occur. When C113H with DTT added was subjected to 
photocatalysis, the TON stayed between 0 and 50 the entire time. Again, that TON is 
very small and expected as C113H should not be a natural catalyst. The slight raise in 
TON in comparison to NiSO4 is most likely due to the addition of DTT. The reducing 
abilities of DTT could have stimulated a slight amount of activity during photocatalysis. 
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The two catalysts that produced significant TONs were Ni-C113H and Ni-C113H with 
DTT added. As expected, Ni-C113H with DTT added showed the highest TON when 
compared with a peak around 350 TON. Again, the properties of the reagent, DTT, most 
likely caused the higher TON. However, Ni-C113H with no DTT still produced a high 
TON with a peak around 150 TON. The results obtained are as expected and concluded 
that when nickel is bound to an NBP and subjected to photocatalysis, reactions will 
occur. In this case, the desired catalysts are able to turn over moles of catalyst to moles of 
substrate, hydrogen.  
 
 
Figure 22: Plot of µmoles of H2 produced during the photocatalysis experiments for each 
catalyst 
 
 
 Figure 22 above represents the amount of hydrogen gas produced by each 
catalysts during photocatalysis. Similar to the TON plot results in figure 21, NiSO4 and 
C113H with DTT added produce little to no µmoles of H2. From this plot, it is clear that 
DTT enhanced production of H2. Ni-C113H with no DTT produced a steady amount of 
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H2 starting at 0.5 hours of 0.5 µmoles. The production increases to 0.6 µmoles. The 
catalyst begins to go inactive at around 3.5 hours and production declines. Ni-C113H 
with DTT added has a much stronger production, as stated above. At 0.5 hours, the 
production is the same for both samples of Ni-C113H, but at 1 hour, Ni-C113H with 
DTT exponentially increases to 1 µmole. From then on, the H2 production stays steady at 
around 1 µmole, and production begins to decline at 4 hours at the conclusion of the 
experiment. In summary, both Ni-C113H with DTT and Ni-C113H alone are sufficient 
catalysts to produce H2 for viable energy, yet using DTT as a stimulant allows more H2 to 
be produced and faster.  
 
 
Figure 23: GC Traces plot to show H2 production during photocatalysis experiment with  
only C113H with DTT added as the catalyst 
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 The above figure 23 is a Gas Chromatography trace plot of each 30-minute 
increment during photocatalysis of the solution with only C113H and DTT added. The 
plot is zoomed in to the time increment of 0.7 minutes to 1.2 minutes to show only the 
hydrogen gas peak. At 0 hours, there is no peak, and the peak steadily increases as the 
time increases. The highest peak is around 2.25 at 3.5 hours, and the peak begins to 
decrease at 4 hours meaning that the catalyst is becoming inactive. Relative to the active 
catalysts, Ni-C113H with and without DTT, C113H shows little to no usable hydrogen 
production. 
 
 
Figure 24: GC Traces plot to show H2 production during photocatalysis experiment with 
Ni-C113H with DTT as the catalyst 
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 Figure 24 above is a GC trace plot of Ni-C113H with DTT added. The abundance 
of this GC trace is exponentially larger than C113H alone with DTT. The highest peak 
comes around 2.5 hours and is at 15.5. The peaks start to decrease and the catalyst begins 
to go inactive at 3 hours. Again, this plot is zoomed in from 0.7 to 1.2 minutes to show 
only the hydrogen production range of peaks. From the GC trace plot, it is further 
emphasized that Ni-C113H with DTT is an excellent source for hydrogen production.  
 
 
 
Figure 25: GC Traces plot to show H2 production during photocatalysis experiment with 
Ni-C113H no DTT added as the catalyst 
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 Figure 25 above includes a GC trace plot of Ni-C113H with no DTT. The highest 
peak shown is at 1.5 hours at 7.5. In comparison to the Ni-C113H with DTT added, this 
GC trace shows less hydrogen production. However, this trace still shows an abundant 
amount of hydrogen than can be produced under photocatalysis. The highest GC trace 
peak for C113H was only 2.5, so the peaks in figure 25 at 7.5 support that Ni-C113H is 
able to produce viable hydrogen gas both with and without DTT.  
 
 
 
Figure 26: GC Traces plot to show H2 production during photocatalysis experiment with 
NiSO4 as the catalyst 
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 Figure 26 includes a GC trace plot of NiSO4 with no DTT. The highest peak 
shown is at 3.5 hours and only reaches an abundance of 1. This GC trace shows the least 
amount of hydrogen production, as the slight peaks are negligible. However, these results 
are as expected due to the fact that NiSO4 alone should not behave as a natural catalyst 
for hydrogen production.  
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3.4 Cu-C113H and Cu-C26H Spectroscopy Analysis  
 
Protein Protein 
Conc. 
(µM) 
Volume 
(µL) 
DTT 
Conc. 
(mM) 
Equiv. 
of DTT 
DTT  
(µL) 
Cu 
Conc. 
(mM) 
Equiv. 
of Cu 
Cu 
(µL) 
 
C113H 
 
39 
 
200 
 
1 
 
0.5 
 
3.9 
 
10 
 
2 
 
1.5 
 
C26H 
 
39 
 
200 
 
1 
 
0.5 
 
3.9 
 
10 
 
2 
 
1.5 
Table 3: Cu binding in 50mM 150mM NaCl buffer 
 
 In order to test the binding of various metals, similar experiments were conducted 
with copper in exchange for nickel. Again, C113H and C26H were concentrated down to 
39 uM. A volume of 200 uL of each protein was allocated to vials. The amounts and 
concentrations that were used for each part of the experiment are organized above in table 
3. A 1 mM solution of DTT was prepared to be injected along with 30 mM CuCl2. In 
order to add the Cu more accurately, the CuCl2 was reduced to 10 mM. Before injecting 
the protein with anything, all vials were titrated with nitrogen gas for five minutes each. 
Next, 0.5 equivalents of DTT which totaled to 3.9 uL each were added to the vials and 
stirred for 10 minutes. After the DTT had stirred, each of the proteins was induced with 
1.5 uL of 10 mM CuCl2. Again, the mixtures were stirred at 4 °C overnight. The next 
morning, the UVs of the protein-metal mixtures were taken and reviewed.  
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Figure 27: Analysis of Copper binding to C113H 
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Figure 28: Analysis of Copper binding to C26H 
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 In comparison to nickel, copper did not bind as well to C113H or C26H as is 
shown in figures 27 and 28 above. Although there is no peak shown at 450 nm for either 
C26H or C113H, the absorbance of the protein peak at 280 nm did increase. After C113H 
was induced with 2 equivalents of copper, the absorbance increased from 0.5 to nearly 
2.4. Similarly, C26H showed a drastic increase in absorbance when injected with copper. 
The absorbance increased from 0.4 to around 1.7. The increases in absorbance were 
substantial which shows that copper did have some effect on the proteins. However, the 
lack of a UV-Vis peak at 450 nm indicates that there is no solid evidence of a bond being 
formed between copper and C113H or C26H. Additional tests could be performed with 
copper and the protein whether by adding more copper or increasing the protein 
concentration to try and achieve a peak at 450 or to determine if the metal bond is able to 
occur.  
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3.5 Co-C113H and Co-C26H Spectroscopy Analysis  
 
Protein Protein 
Conc. 
(µM) 
Volume 
(µL) 
DTT 
Conc. 
(mM) 
Equiv. 
of DTT 
DTT 
(µL) 
Co 
Conc. 
(mM) 
Equiv. 
of Co 
Co 
(µL) 
 
C113H 
 
39 
 
200 
 
1 
 
0.5 
 
3.9 
 
10 
 
2 
 
1.5 
 
C26H 
 
39 
 
200 
 
1 
 
0.5 
 
3.9 
 
10 
 
2 
 
1.5 
Table 4: Co binding in 50mM 150mM NaCl buffer 
 
 The same tests that were completed with nickel and copper were repeated with 
cobalt as the metal to bind. All experimental measurements were recorded in table 4 
above. 200 L of C26H and C113H, both at 39 uM concentration, were allocated into 
vials. 30 mM CoCl2 was prepared and then diluted to a 10 mM solution. Both the 1 mM 
DTT and 10 mM CoCl2 solutions were placed into glass vials and titrated with nitrogen 
along with the proteins. C113H and C26H were both induced with 3.9 µL of 1 mM DTT 
and set to stir for ten minutes. After stirring, the proteins were subjected to induction of 2 
equivalents of cobalt each. 1.5 µL of CoCl2 was extracted from the glass vial and injected 
into C113H, and the same process was done with C26H. Similarly, the proteins were 
placed upstairs in 4 C to be stirred overnight. The next morning, the vials were taken 
down to check the UV spectroscopy and compare the results.  
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Figure 29: Analysis of C113H binding to Cobalt 
300 400 500 600 700
0.0
0.2
0.4
0.6
0.8
Ab
so
rb
an
ce
3(a
.u
.)
3Wavelength!(nm)
3C26H
3Co@C26H
 
Figure 30: Analysis of C26H binding to Cobalt 
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 After analysis of the UV spectroscopy with C113H, C26H and cobalt (shown in 
figures 29 and 30 above), it was determined that cobalt and copper behaved similarly 
when binding to each of the proteins. Again, no peak was seen at 450 nm to indicate that 
a metal bond was formed. However, when comparing C26H and C113H binding to 
cobalt, it appears that C113H evokes more catalytic activity. When C113H was induced 
with cobalt, the absorbance protein peak at 280 nm increased from 0.5 to 2.7, whereas 
when C26H was induced the absorbance only increased by 0.3. However, both proteins 
showed an increased absorbance which concludes that some sort of activity occurred, the 
magnitude or size was just stronger in C113H. Similarly, additional tests could be 
performed with cobalt and the proteins whether by adding more cobalt or increasing the 
protein concentration to try and achieve a peak at 450 or to determine if the metal bond 
was possible.  
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3.6 Results and Conclusion 
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Figure 31: Comparison of nickel, cobalt, and copper being induced into C113H 
 
Figure 31 shows a graphical comparison of the UV-Vis spectra comparing C113H 
alone to C113H induced with all three metals. In summary, it was concluded that C113H 
formed a bond with only nickel due to the small peak seen at 450 nm from the green line 
in the graph above. Additionally, due to the comparison between C113H with and 
without DTT, it was conclusive that DTT stimulated stronger binding between nickel and 
C113H. Although the plots with copper and cobalt did not include a peak at 450 nm, the 
protein absorbance peak was significantly increased for both metals when injected into 
C113H. When combining the metals with the redesigned proteins, the main goal was to 
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create enhanced catalysts for the purpose of creating hydrogen gas for use in clean energy 
applications. Due to the large amount of catalytic energy that occurred in the vials of the 
proteins induced with metal overnight, it is conclusive that absorbance and protein 
concentrations can be increased when binding a metal with the proteins. Therefore, 
C113H was successful in increasing concentration when induced with nickel, copper, or 
cobalt when the protein was in the 50mM Tris and 150mM NaCl buffer.  However, 
nickel was the only metal that visually appeared to stay bound to the protein during the 
UV spectroscopy.  
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Figure 32: Comparison of nickel, cobalt, and copper being induced into C26H 
 
 C26H behaved similarly to C113H when induced with the three different metals, 
nickel, cobalt, and copper. Figure 32 above shows the graphical comparison of C26H 
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with the 3 metals. Again, nickel was the only metal that showed a true peak at 450 nm 
when induced into C26H. A difference noted between C113H and C26H is the binding 
by cobalt. C113H exhibited a much stronger bond to cobalt than did C26H as the protein 
absorbance peak at 280 nm by Co-C26H only increased by about 0.3. For all three 
metals, the absorbance increase was less in C26H in comparison to C113H. These 
differences could conclude that the mutation at point 113 where the histidine was 
exchanged is preferable to the mutation at point 26. Point 113 appears to exhibit more 
catalytic activity, so when trying to extract viable energy, C113H would be more suitable. 
Additionally, the 50mM Tris and 150mM NaCl buffer was the only buffer to exhibit 
results when attempting to bind the metals to C26H. Ultimately, the experiments 
successfully proved that C113H and C26H are potentially specific to nickel binding as it 
was the only successful metal to form a bond in the proteins to ultimately form 
hydrogenases. The additional photocatalysis studies with C113H showed that viable 
hydrogen was able to be converted from the catalysts when subjected to photocatalysis. 
The results after analyzing TON, µmoles of H2 production, and GC traces zoomed into 
the hydrogen peak regions reinforced the speculation that when nickel is bound to a 
protein to create a hydrogenase, H2 is produced to be able to extract energy. Both Ni-
C113H with DTT and Ni-C113H alone were successful in producing H2 during 
photocatalysis.  
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